Removal of apoptotic cells is a dynamic process coordinated by ligands on apoptotic cells, and receptors and other signaling proteins on the phagocyte. One of the fundamental challenges is to understand how different phagocyte proteins form specific and functional complexes to orchestrate the recognition/removal of apoptotic cells. One evolutionarily conserved pathway involves the proteins cell death abnormal (CED)-2/chicken tumor virus no. 10 (CT10) regulator of kinase (Crk)II, CED-5/180 kDa protein downstream of chicken tumor virus no. 10 (Crk) (Dock180), CED-12/engulfment and migration (ELMO) and MIG-2/RhoG, leading to activation of the small GTPase CED-10/Rac and cytoskeletal remodeling to promote corpse uptake. Although the role of ELMO : Dock180 in regulating Rac activation has been well defined, the function of CED-2/CrkII in this complex is less well understood. Here, using functional studies in cell lines, we observe that a direct interaction between CrkII and Dock180 is not required for efficient removal of apoptotic cells. Similarly, mutants of CED-5 lacking the CED-2 interaction motifs could rescue engulfment and migration defects in CED-5 deficient worms. Mutants of CrkII and Dock180 that could not biochemically interact could colocalize in membrane ruffles. Finally, we identify MIG-2/RhoG (which functions upstream of Dock180 : ELMO) as a possible point of crosstalk between these two signaling modules. Taken together, these data suggest that Dock180/ELMO and CrkII act as two evolutionarily conserved signaling submodules that coordinately regulate engulfment. Apoptotic cells are generated by diverse physiological processes, ranging from the elimination of damaged (or precancerous) cells to deletion of cells during developmental morphogenesis;
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1,2 the culmination of the apoptotic program is the phagocytosis (or engulfment) of the apoptotic cell. In mammals, prompt removal of apoptotic cells is required to prevent the release of potential self-antigens and onset of autoimmune-like syndromes. [3] [4] [5] Removal of the apoptotic cell can be divided into several mechanistic steps: first, dying cells expose 'eat-me' signals, which are recognized by receptors on phagocytic cells. 6 These signals, both positive (such as phosphatidylserine and MFG-E8) 2 and negative (such as CD31 and CD47), are rapidly modified following the onset of apoptosis, facilitating removal of the apoptotic cell. A number of receptors have been identified that either directly or indirectly facilitate apoptotic cell recognition; however, signaling following corpse recognition is less well characterized.
Recognition of the apoptotic cell by the phagocyte leads to the formation of an actin-rich phagocytic cup, followed by the internalization of the target. 7 Genetic studies in the nematode
Caenorhabditis elegans (C. elegans) have led to the identification of eight genes that play a partially redundant role in removal of apoptotic cells. 2 Of these, cell death abnormal (CED)-2/chicken tumor virus no. 10 (CT10) regulator of kinase (Crk)II, CED-5/180 kDa protein downstream of Crk (Dock180), CED-10/Rac, CED-12/engulfment and migration (ELMO), MIG-2/RhoG and UNC-73/Trio have been subsequently shown to function together in corpse removal in the mammalian system.
The mammalian homologue of CED-5, Dock180, is a prototype member of a protein superfamily that was recently identified as novel guanine nucleotide exchange factors (GEFs) for small GTPases. Dock180 forms a basal complex with the CED-12 homologue, ELMO1, and together this complex functions as an unconventional two-part GEF specific for Rac; 8 overexpression of ELMO with Dock180 leads to increased Rac-guanine triphosphate (GTP) levels within the cell. 8 As with other GTPases, Rac functions as a binary switch by cycling between an inactive guanine diphosphate (GDP)-bound and an active GTP-bound form. Dock180 and its homologues contain a Docker domain that can interact directly with nucleotide-free Rac and mediate Rac GDP/GTP exchange in vitro; 8, 9 Rac activation mediated via the Dock180 : ELMO complex has been linked to cytoskeletal changes during engulfment and cell migration. 10, 11 Two additional players, MIG-2/RHOG and UNC-73/Trio, play a role upstream of ELMO : Dock180. 12, 13 The binding of ELMO to activated GTP-bound RhoG may serve as one mechanism for recruitment of the ELMO : Dock180 complex to the membrane, leading to Rac activation.
Although the role of ELMO : Dock180 has been the subject of intense research, the function of CED-2/CrkII in this complex is less well understood. CrkII, Dock180 and ELMO have been shown to interact in a ternary complex, 10 but the contribution or requirement for CrkII is poorly defined. Dock180 was initially cloned based on its interaction with CrkII, 14 suggesting that CED-2/CrkII serves as an adapter protein that helps to recruit Dock180 to the cell membrane during engulfment, leading to Dock180 : ELMO-mediated Rac activation. 10 However, the requirement for CrkII during mammalian engulfment, and how CrkII regulates Dock180 : ELMO function are not understood. Here, we address the importance of CrkII and its association with Dock180 in promoting engulfment. We find that contrary to previously proposed models, interaction of CrkII with Dock180 is not required for engulfment based on genetic studies in worms as well as biochemical and functional studies in mammalian cells. Moreover, our work identifies two submodules within this CrkII/Dock180/ELMO signaling pathway that work in concert to promote maximal engulfment.
Results
CED-2 binding sites on CED-5 are not required for engulfment and cell migration in vivo. The ced-2, ced-5, ced-10 and ced-12 genes, which code for mammalian homologues of CrkII, Dock180, Rac and ELMO, respectively, are required in the nematode C. elegans for efficient removal of apoptotic cell corpses. 10, [15] [16] [17] [18] Previous studies have shown that CED-2 and CED-5 physically interact; 15 however, the importance of the CED-2 : CED-5 interaction in regulating phagocytosis has not been addressed. To examine the in vivo relevance of CED-2 : CED-5 interaction, we generated a mutant of CED-5 (denoted CED-5(1-1715)) lacking the motifs required for binding CED-2 (see Figure 1a) . This mutant has an intact Figure 1 Direct interaction of CrkII with Dock180 is not required for CrkII to cooperate with the Dock180 : ELMO proteins in promoting phagocytosis. (a) Schematic representation of various constructs used in this study. The DHR1 (named also CZH1), Docker (termed also DHR-2 or CZH2), SH2, SH3 and PXXP domains are displayed. (b) LR73 cells were transiently transfected in triplicate with the indicated plasmids. Phagocytosis by GFP-positive cells was assessed by two-color flow cytometry and the percentage of GFP-positive cells that had ingested surrogate apoptotic targets (red fluorescent) is indicated for each condition as described previously. 24 Mean of fluorescence intensity (MFI), a measure of the number of particles per engulfing cell (in arbitrary MFI units) is indicated in the table below. The expression of the transfected proteins was confirmed by immunoblotting of total lysates as indicated. Note that the blot of CrkII shows both endogenous and overexpressed CrkII proteins. (c) LR73 cells were transiently transfected with the indicated proteins, lysed and immunoprecipitated using anti-Flag conjugated agarose beads and assessed by immunoblotting for the coprecipitating proteins. E, ELMO1; C, CrkII CED-12/ELMO binding region as well as an intact Docker domain required for CED-10/Rac activation, allowing us to specifically test the requirement of CED-5 binding to CED-2 for the function of this mutant. Surprisingly, CED-5(1-1715) was still able to efficiently rescue the engulfment defect of ced-5 mutant worms, comparable to wild-type CED-5 (Table 1a) . Importantly, the CED-5(1-1715) mutant did not rescue the engulfment defect of ced-12 mutant worms, suggesting that CED-5(1-1715) is not an activating mutation (Table 1a) . Thus, the CED-2 biding motif in CED-5 is not required for efficient clearance of apoptotic bodies in vivo.
In addition to defects in engulfment, worms deficient in ced-2, ced-5, ced-10 and ced-12 also present defects in cell migration. 19, 20 To address whether CED-2 : CED-5 interaction is required for cell migration, we assayed migration of the gonadal distal tip cells (DTCs), which define the shape of the adult hermaphrodite gonad. 12 Interestingly, expression of CED-5(1-1715) in CED-5-deficient worms was able to rescue DTC migration as efficiently as the wild-type CED-5 (Table 1b ). These data suggested that the direct interaction of CED-2 and CED-5 is not required for efficient engulfment or DTC migration in C. elegans. Dock180 lacking CrkII-binding sites can promote engulfment in mammalian cells. Previous work has shown that Dock180 and ELMO proteins promote phagocytosis in mammalian cells by a Rac-dependent signaling pathway. 8, 10 CrkII is able to cooperate with ELMO : Dock180 to further enhance uptake of apoptotic targets. 10 It has been assumed that CrkII participates in phagocytosis by binding to Dock180, and that CrkII, either directly or indirectly, might recruit the Dock180 : ELMO complex to the membrane to mediate cytoskeletal rearrangement during engulfment. 10 To test this notion in a functional assay, we used a mutant of Dock180 (DOHRS) that can bind ELMO, but not CrkII (Figure 1a and c and Transgenic worms were scored for the presence of apoptotic corpses in the L1 head (shown7S.D.). n, number of worms, or scored DTC migration defects in the early adult (b, c).
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Supplementary Figure 1 ). 8, [21] [22] [23] Dock2, a member of Dock180 superfamily, 9 can bind ELMO, but lacks the CrkII interaction motif (Figure 1a Figure S1 ). Together, these data suggested that for Dock180 to function in phagocytosis, a direct interaction with CrkII is not required.
CrkII is required for efficient removal of apoptotic targets. Our results suggest that CrkII interaction was dispensable for enhancement of phagocytosis upon ELMO : Dock180 overexpression, which highlighted the possibility that Dock180 function may not require CrkII. Previous studies have shown that, when overexpressed, CrkII robustly promotes engulfment of apoptotic targets; 24 however, loss-of-function assays have not been conducted to determine a requirement for CrkII in mammalian engulfment. Short interfering RNA (siRNA)-mediated knockdown of CrkII in NIH/3T3 mouse fibroblasts significantly decreased the uptake of targets (Figure 2a) , suggesting that CrkII-mediated signaling plays a role in efficient uptake of apoptotic targets. This result is consistent with studies in the nematode where mutations in the CrkII homologue CED-2 results in persistent cell corpses. 15 Binding to dock180 is dispensable for CrkII to cooperate with the Dock180/ELMO during engulfment. Next, we asked how mutants of CrkII that fail to bind Dock180 would cooperate with the Dock180 : ELMO complex to promote engulfment. CrkII is an adapter protein composed of one N-terminal Src Homology 2 (SH2) domain and two C-terminal Src Homology 3 (SH3) domains (Figure 1a) . 25 The first SH3 domain binds Dock180; a mutation within this SH3 domain (W170K) abrogates CrkII binding to Dock180 (Figure 3b ). 26 Although expression of CrkII WT robustly promoted uptake, Figure S2 ). These data showed that the Dock180 : CrkII interaction is not required for the two proteins to cooperate during mammalian engulfment.
The ability of the CrkII W170K mutant to cooperate with Dock180 : ELMO in promoting maximal engulfment prompted us to examine the importance of the second SH3 domain of CrkII. Although this domain has no known binding partners during engulfment, based on structurally conserved residues among SH3 domains, a mutation (W276K) has been described which should disrupt this motif. 27, 28 This CrkII To further address the relevance of the CrkII SH3 domains in vivo, we performed rescue studies in CED-2 deficient worms. Consistent with our previous observations, CrkII W170K and CrkII W276K mutants were able to rescue DTC migration in (Table 1c) . This confirmed that both in the context of cell lines and in the whole organism, a direct interaction with CED-5/Dock180 is dispensable for the function of CrkII.
CrkII does not directly regulate Rac directly. The above data suggest that although either of the SH3 domains of CrkII can cooperate with Dock180 : ELMO complex during engulfment, a physical interaction between CrkII and Dock180 (or ELMO) is not required. Only the first SH3 domain of CrkII can bind Dock180; in functional assays, the first or the second SH3 domain could cooperate with Dock180 : ELMO to promote engulfment. This implied that interaction of CrkII with additional proteins might serve to compensate for the loss of the CrkII : Dock180 interaction. CrkII mediated uptake is inhibited by dominant-negative Rac N17 , 24 it is thus possible that CrkII might associate with another Rac-GEF (in addition to, or instead of Dock180) to promote uptake. However, transient overexpression of CrkII alone or the mutants of CrkII had only a minimal effect on endogenous Rac-GTP levels in cell (Figure 4a ). In comparison, coexpression of Dock180 : ELMO significantly increased the Rac-GTP in cells; 8, 10, 29 co-expression of CrkII with ELMO : Dock180 did not consistently augment the increase in cellular Rac-GTP induced by the ELMO : Dock180 complex (Supplementary Figure 3) .
We next examined whether an additional Rac-GEF activity could be co-immunoprecipitated with CrkII. CrkII WT coexpressed with Dock180 had detectable association with a Rac-GEF activity; however, CrkII W170K lost its ability to precipitate this Rac-GEF activity, which correlated with an inability to coprecipitate Dock180 (Figure 4b ). Taken together, these data suggested that CrkII-mediated regulation of Rac depends on Dock180 : ELMO proteins and is unlikely to involve another Rac-GEF. Moreover, our data suggest that although the second SH3 domain of CrkII is able to substitute for the loss of interaction with Dock180 via the first SH3 domain, this is not accomplished by mediating a direct or indirect interaction with ELMO : Dock180, revealing a potentially Dock180-independent signaling event. Consistent with this interpretation, overexpression of a catalytically inactive mutant of Dock180, Dock-ISP, was able to only partially inhibit CrkII WT induced uptake (Figure 1b , compare bars 6 and 16).
CrkII colocalizes with Dock180 and ELMO proteins independent of direct physical interaction. It has been postulated that the role of CrkII might be to mediate localization of Dock180 : ELMO to the cell membrane, 10 potentially serving as an adaptor protein between an unidentified transmembrane receptor and Dock180 : ELMO mediated Rac activation. We find that CrkII mutants that fail to bind Dock180 (and vice versa) functionally cooperate during engulfment. This suggests that CrkII and Dock180 mutants that may not physically bind each other might still colocalize in the cell. Indeed, both Dock180 and DOHRS mutants colocalized with CrkII in membrane ruffles, whereas overexpressed GFP was excluded from these structures ( Figure 5 and Supplementary Figure 4) . Similarly, when CrkII W170K mutant was coexpressed with ELMO : Dock180 or with ELMO : DOHRS, all three proteins colocalized at the membrane ruffles ( Figure 5 ). These data suggest that membrane localization of CrkII or Dock180 : ELMO is not Figure 4 Overexpression of CrkII does not enhance Rac activation in vitro or in vivo. (a) 293T cells were transiently transfected as indicated, lysed, and GTP-bound Rac was precipitated using bacterially purified GST-CRIB domain, and assessed by immunoblotting for Rac. Expression of transfected proteins was determined by immunoblotting of total cell lysates. (b) GFP-CrkII WT GFP-CrkII W170K and Dock180 were expressed in 293T cells as indicated. Cell lysates were precipitated using anti-GFP-conjugated beads. His-Dock180 coexpressed with Flag-ELMO1, and immunoprecipitated by anti-Flag conjugated beads was used as positive control. The radioactivity bound to Rac in the mocktransfected 293T cell condition was set as 100% and the loss of radioactivity indicates the presence of Rac-GEF activity in the precipitated samples. The expression of the transfected proteins and the presence of Flag-Dock180 in the different precipitates were detected by immunoblotting. D, Dock180
Submodules within CrkII/Dock180/ELMO/Rac signaling A-C Tosello-Trampont et al dependent on the ability of these proteins to interact physically. Other potential mechanisms may mediate localization of these proteins; the Dock homology region 1 (DHR1) domain within Dock180, which binds to phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P 3 ), or additional sequences within the C-terminus of Dock180 may allow for direct membrane recruitment. 21, 30 However, in our experiments to date, inhibition of PtdIns(3,4,5)P 3 fails to inhibit the uptake mediated by Dock180 : ELMO proteins (data not shown), suggesting that PtdIns(3,4,5)P 3 binding is not the primary determinant of Dock180 recruitment during engulfment.
RhoG as a possible intersection point between CrkII and the Dock180/ELMO signaling modules. The small GTPase RhoG has recently been suggested to mediate ELMO : Dock180 complex recruitment to the membrane, in turn potentially regulating Rac activation during engulfment. 12, 13 We next asked whether RhoG might serve as a link between the CrkII and the Dock180 : ELMO submodules. When we coexpressed a dominant-negative form of RhoG (RhoG T17N ) with CrkII, it was able to partially inhibit CrkII-mediated phagocytosis ( Figure 6 , compare bars 8-2). Basal phagocytosis was also slightly decreased ( Figure 6 , compare bar 1-5), but we believe the inhibition of CrkII by RhoG N17 is specific and not a general effect of decreased phagocytic potential (see Discussion). This suggested then that RhoG might provide at least one potential intersection point between CrkII and Dock180 : ELMO signaling, consistent with earlier worm studies where the number of unengulfed corpses in CED-2-deficient animals was enhanced by the concurrent loss of the RhoG homologue MIG-2. 12, 20 However, the partial inhibition of CrkII-mediated engulfment by dominant-negative RhoG could suggest that CrkII may also link to the Dock180/ ELMO module independent of RhoG, or that CrkII also mediates RhoG-independent signals. We hypothesize that one or both of the SH3 domains of CrkII might link CrkII-mediated signaling to RhoG-dependent or RhoGindependent pathways.
Discussion
In recent years, a number of proteins have been described that mediate recognition of the apoptotic cell corpse. However, one of the fundamental challenges of the field is to understand how different players form specific and functional complexes to orchestrate the recognition and removal of apoptotic cells. CED-2, CED-5, CED-10 and CED-12 function in the same genetic pathway in the nematode; 2 however, the mechanism by which these proteins cooperate to promote phagocytosis is poorly understood. Dock180 was initially 14 it has been widely assumed that CrkII and Dock180 form a physical complex required for their function during engulfment. We present genetic, biochemical and functional evidence that direct physical association between CrkII and Dock180 is not essential for these proteins to function during engulfment and that CrkII and Dock180-mediated signaling may represent two submodules within the same pathway.
With the identification of the catalytic role of the ELMO : Dock180 complex, it has been unclear what precise role CrkII might play in regulating Dock180 function. Although many models propose CrkII as a means for recruiting Dock180 to the membrane, membrane targeting sequences within Dock180 21 and a potential Plextrin Homology domain in ELMO 18 have been suggested to provide efficient targeting sequences. Further, interaction of ELMO : Dock180 with proteins such as RhoG 12,13 may also provide localization cues. The data presented here demonstrate that physical interaction between Dock180 and CrkII is dispensable for their function in phagocytosis. This is the case both in mammalian cell lines and in the whole organism, where we used rescue experiments in C. elegans strains deficient in the CrkII and Dock180 homologues CED-2 and CED-5. Moreover, colocalization of CrkII W170K mutants with a Dock180 mutant (DOHRS) lacking the CrkII interaction sites suggest that colocalization alone does not reflect a physical association and that recruitment of these proteins is likely independent. Alternately, an as-yet unidentified protein may bridge these proteins in vivo, effectively tethering their activities close enough to allow coordinate function.
This has led us to reconsider the function of CrkII during phagocytosis. One possibility is that, upon receptor activation, these proteins are enriched at a given area of the cell surface resulting in efficient Rac activation and particle uptake (rather than a simple direct role of CrkII in recruitment of Dock180 from the cytoplasm to the membrane). The nematode protein CED-1, which is believed to function as a receptor for the apoptotic, has been suggested to function in just this manner. 31 Thus, we would like to hypothesize that perhaps CrkII would function to mediate enrichment of proteins within the phagocytic cup, where CrkII would synergize with the Dock180 : ELMO complex in regulating Rac to further promote the phagocytic process. We have attempted to detect such a recruitment of endogenous CrkII to the phagocytic cup, but were unable to obtain an antibody that convincingly stained endogenous protein; overexpression of the proteins did not yield distinct localization patterns in the phagosome (data not shown). Alternately, CrkII may serve no role in localization, and instead function as a bridging molecule, uniting divergent pathways to couple recognition of the apoptotic cell to the actin polymerization machinery.
Although direct interaction between Dock180 and CrkII is not required for function in corpse removal, we show using siRNA-mediated knockdown that CrkII is required for efficient phagocytosis, consistent with studies in the nematode. 15 Our data show that even though CrkII promotes strong engulfment in the in vitro assays, CrkII alone has only minor effects on Rac-GTP levels within the cell in comparison to ELMO : Dock180 ( Figure 4a) ; CrkII may promote phagocytosis by other mechanisms, perhaps acting as a signaling submodule within the CrkII/CED-2, Dock180/CED-5, ELMO/CED-12, Rac/CED-10 pathway. However, CrkII was not able to enhance Rac-GTP levels when co-expressed with ELMO : Dock180 (Supplementary Figure 3) , making it less likely that CrkII plays a direct role in regulation of Rac1-GTP in cells. This also suggested a likely Rac-independent role for CrkII. CrkII has been shown to stimulate cdc42 activation via the GEF N-WASP; 32 overexpression of activating mutants of cdc42 have only mild effects on uptake of apoptotic targets, 33, 34 and we were unable to detect increased cdc42-GTP levels following CrkII expression using the cdc42/Rac interactive binding (CRIB) domain assay (data not shown). Thus, it is unlikely that CrkII utilizes N-WASP and cdc42 to promote phagocytosis. Further, although CrkL has been shown to directly interact with WIP, 35 we could not detect an interaction between CrkII and WIP.
An alternate possibility is that CrkII somehow recruits accessory proteins to the ELMO : Dock180 complex, which would in turn enhance the ability of ELMO : Dock180 to activate Rac. However, in cell-free exchange assays, CrkII immunoprecipitated from cells did not promote more exchange than ELMO : Dock180 alone, arguing against this interpretation. However, we found that although CrkII W170K or CrkII W276K were unable to promote phagocytosis when expressed individually, they still cooperated with ELMO : Dock180 to promote uptake; mutations that removed both SH3 domains (CrkII W170K\W276K ) were no longer able to cooperate with ELMO : Dock180. This suggests that the two SH3 motifs act 'redundantly', not in binding to Dock180 but rather in ELMO : Dock180 complex 'activation'. However, the Figure 6 CrkII mediates RhoG-independent and RhoG-dependent signals. LR73 cells were transfected with the indicated plasmids, and the phagocytosis assay was performed as described in Figure 1b . Note that the blot for CrkII shows both the endogenous and overexpressed CrkII Submodules within CrkII/Dock180/ELMO/Rac signaling A-C Tosello-Trampont et al exact mechanism by which this occurs remains elusive; our experiments suggest that it may involve the small GTPase RhoG, as overexpression of a dominant-negative form, RhoG N17 partially inhibits promotion of apoptotic target uptake by CrkII.
In summary, CED-2, CED-5, CED-12 and CED-10 were initially identified as part of the same genetic pathway in the nematode and subsequently determined to function in corpse removal in the mammalian context. We identify two evolutionarily conserved signaling submodules within this pathway, involving CED-2/CrkII, and CED-5/Dock180, respectively, that cooperate in promoting engulfment. This was identified in both enhancement of phagocytosis or cell migration using cell lines and in the context of a whole organism. We observe that RhoG might provide one point of crosstalk between the two modules. As the receptor upstream of the CrkII/Dock180/ ELMO/Rac module is unclear in both the worms and mammals, it is uncertain whether RhoG and CrkII would be 'activated' by the same receptor, or whether each signaling arm would be activated by individual upstream receptors that somehow forms a higher-order signaling network. Nevertheless, the identification of multiple inputs to the ELMO : Dock180 complex suggests a robust mechanism for the control of corpse removal.
Materials and Methods
Cell culture and reagents. NIH/3T3, LR73 and HeLa cells were cultured as described previously. 24, 36 Reagents used in this study: Phalloidin (Alexa 647) and highly cross-absorbed, conjugated secondary antibodies (Pacific Blue, Alexa 488, Alexa 555 and Alexa 647) (Molecular Probes, Invitrogen). The sources of the antibodies used were as follows: Anti-Crk (Transduction Laboratories, Lexington, KY, USA), Anti-Dock180 H-7 and anti-HA F-7 (Santa Cruz Biotechnology, SantaCruz, CA, USA), anti-HA 12CA5, anti-FLAG M2 and M5 (Sigma Chemical Co., St Louis, MO, USA), anti-ELMO1, 8 anti-CrkII (Transduction Laboratories, KY, USA), anti-Rac1 (Upstate), anti-dynamin2 (C-18, Santa Cruz Biotechnology) and Anti-GFP (Santa Cruz Biotechnology). The plasmids encoding untagged and GFP-tagged CrkII WT CrkII
W170K
, CrkII W276K and CrkII W170K/W276K (chicken) were kindly provided by Dr Ray Birge (UMDNJ-NJMS). The Dock180, DOHRS, Dock-ISP, Dock2, ELMO1 and RhoG plasmids have been described previously. 8, 10, 12 Phagocytosis assay. LR73 cells were transiently transfected in triplicate with the indicated plasmids (either with GFP or GFP fusion proteins) in a 24-well plate. Twenty hours after transfection, the cells were incubated with 2 mm carboxylatemodified red fluorescent beads, which mimic the negative charge on apoptotic cells and can serve as a simplified target, in serum-free medium (Sigma Chemical Co., St Louis, MO, USA). After 2 h, the wells were then washed twice with cold PBS, trypsinized, resuspended in cold medium (with 1% sodium azide) and analyzed by two-color flow cytometry. The transfected cells were recognized by their GFP fluorescence. Forward and side-scatter parameters were used to distinguish unbound beads from cells. For each point, 45 000 events were collected and the data was analyzed using Cell Quest and/or FlowJo software. As shown previously, 8 the majority of double-positive cells scored in the FACS assay represents particles engulfed by transfected cells or particles in the process of engulfment, and do not represent beads simply bound to the cell surface. NIH/3T3 cells were incubated with 2 mm beads in serum-free medium for 1 h 48-h after nucleofection (Amaxa).
In vitro GEF assay. The radioactivity-based in vitro GEF assay was performed as described previously. 8 293T cells in 10 cm dishes were transfected with the indicated plasmids and the cell lysates were immunoprecipitated with anti-FLAG or anti-GFP antibodies conjugated beads. The precipitated proteins were quantitated via Western blotting and analyzed for Rac GEF activity. The presence of GEF activity was revealed by loss of radioactivity bound to Rac (a-32 P-GTP) (due to the exchange reaction). Relative GEF activity was presented as the percentage of remaining radioactivity bound to Rac, with samples from mock-transfected 293T cell set at 100%.
Immunoprecipitations and immunoblotting. 293T cells were transiently transfected with 2 mg of CrkII constructs, 2 mg of ELMO-GFP or 10 mg of Dock180, Dock2 and Dock180-DOHRS plasmids (which were less well expressed). LR73 cells were plated in six-well plates and transfected using Lipofectamine 2000 as described above. After 36 h, the cells were lysed (in 1% Triton X-100, 50 mM Tris and 150 mM NaCl) and immunoprecipitated using anti-FLAG antibody directly coupled to sepharose (clone M2) (Sigma Chemical Co.).
RNA interference. siRNAs to mouse Crk were purchased from Dharmacon (cat no.1 L-061117-00-0005) as a combination of four siRNAs. Concentration of siRNA used in experiments is total concentration of siRNA rather than concentration of each individual siRNA. Control siRNA no. 1 was also purchased from Dharmacon (cat no. D-001210-01-20). siRNAs experiments were carried out in NIH/3T3 fibroblasts, rather than LR73 cells, due to the poor knock-down of endogenous CrkII achieved in LR73 cells. siRNAs (0.4 mg) were introduced into NIH/3T3 fibroblasts using the Amaxa Nucleofector I (program U-30) and Nucleofector kit R (Amaxa, Germany) according to manufacturer's directions. Transfection efficiency was 495% as measured by expression of a GFP reporter in these cells (data not shown).
Immunofluorescence staining. HeLa cells were plated on Labtek II slides and transfected with Lipofectamine 2000 as described previously. 36 At harvest, slides were washed 2 Â with 1 Â TBS then fixed in 3% formaldehyde for 7 min, then permeabilized for 2 0 with TBS þ 0.2% Triton X-100 (Fisher). Cells were then blocked with clarified milk and subsequently stained with appropriate antibodies. Immunostaining was performed sequentially with IgG-specific secondary antibodies.
C. elegans migration and phagocytosis assays. DTC migration and engulfment were scored as previously described. 12 The indicated Dock180 and CED-5-coding sequences were subcloned into the transgenic vector driven by the Peft-3 promoter. Clones were co-injected with either Plim-7::gfp (for scoring DTC migration) or pTG96 (Psur-5::gfp, for scoring engulfment defect). Injected hermaphrodites were picked and allowed to have progeny. Transgenic progeny were moved to individual plates and allowed to grow. Worms that transmitted the array were kept and assayed for expression (brightness of GFP signal) and transmittance of the array. Strains with the highest transmittance/GFP signal were kept for further analysis. Worms were maintained at 201C as described previously. 10 Clean transgenic worms were moved to a large plate that was seeded with OP50 bacteria and allowed to propagate one generation. For DTC migration, worms were then scored under a Zeiss M2Bio-dissecting microscope equipped with epifluorescence; worms with a gonad that deviated from the standard U-shaped tube was scored as migration defective. Engulfment defect was scored in the L1 head as described previously. 37 
